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INTRODUCTION 
Riboflavin is not only an essential growth factor but 
possesses remarkable properties arising from its light absorp­
tion- During the Identification of the various constituents 
of cow's milk, Blyth (l) isolated a brilliant yellow fluores­
cent compound which was later found to be extremely sensitive 
to light.. On absorption of light this compound (riboflavin) 
promotes various chemical reactions and indeed decomposes' 
itself. This instability of riboflavin to light was first 
demonstrated in the 1930's and assisted the early workers in 
elucidating the structure of this vitamin. Since that time 
it has been suggested that riboflavin is involved in many 
naturally occurring photochemical processes. Riboflavin, for 
instance, may act as a photo-sensitizing agent In the photo-
troplsm of plants (2, 3, 4) and photo synthetic pho ^phosphory­
lation (5, 6) as well as being involved in the visual process 
of many mammals (7). However, the role of riboflavin in this 
visual process is still obscure. Also riboflavin probably 
participates in other naturally occurring photochemical pro­
cesses, such as bacterial bioluminescence (8) and chemi-
luminescence accompanying photosynthesis (9). At present it 
is not known whether the instability of riboflavin to light 
has any biological significance. Possibly this instability is 
involved in the photochemical processes mentioned above• 
When riboflavin solutions are anaerobically illuminated 
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the color fades and then on readmission of oxygen to the 
bleached solution, the yellow color is partially restored. 
Early in the 19301s, It was suggested that this fading results 
from a unique photochemical process, In which the ribityl side 
chain of a light-excited molecule of riboflavin serves as an 
electron donor for the isoalloxazine nucleus. This would 
yield a reduced flavin with a modified side chain which upon 
reoxidation would yield a new altered flavin. Kuhn (10) pro­
vided evidence for the existence of such a new flavin which 
he called "deuteroflavin". In recent years an alternate 
mechanism of photobleaching has been advanced, in which it is 
postulated that the photo reduced flavin is not an altered 
flavin, but merely dlhydroriboflavin (leucoflavin). According 
to this scheme, water which is complexed to riboflavin serves 
as the reducing agent for the isoalloxazine nucleus. This 
mechanism denies the existence of "deuteroflavin". With these 
two contradictory views in mind, experiments were conducted 
to unequivocally determine the nature of the photoreduced 
riboflavin. 
It has been shown that when riboflavin is anaerobically 
illuminated and reoxidized it is degraded to the compounds 
lumlflavin and lumichrome, the amount of each depending on the 
pH of the solution. Lumlflavin, which has a methyl group for 
a side chain, displays the typical flavin absorption spectrum 
in water solution and also has the typical yellow-green 
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fluorescence. However, lumlchrome which Is an alloxazine, 
exhibits different spectral properties from riboflavin and 
it possesses a sky-blue fluorescence. The mechanism of the 
formation of both these degradation products is vague; how­
ever, it is thought that lumlflavin arises via the action of 
base on "deuteroflavin". It was of interest to reinvestigate 
the anaerobic photobleaching and reoxldatlon by the sensitive 
technique of thin layer chromatography and then on a prepara­
tive scale in order to find and identify photodegradation 
product(s) intermediate between riboflavin and lumichrome and 
lumlflavin. Experiments were performed which shed new light 
on the mode of formation of lumlflavin and lumlchrome, since 
a new photodegradation product of riboflavin was isolated 
and characterized, and also on the possible nature of Kuhn's 
"deuteroflavin". The results of these studies permit the 
formulation of a reasonable mechanism for the anaerobic photo­
degradation of riboflavin. 
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REVIEW OF PERTINENT LITERATURE 
Investigation of the photochemistry of riboflavin began 
in 1932 when Warburg and Christian isolated a pure crystalline 
photodegradation product from the prosthetic group of the "old 
yellow enzyme" (ll, 12, 13). The prosthetic group, which 
later was shown to be riboflavin-51-phosphate, after being 
separated from the enzyme by warming with dilute methanol was 
exposed to sunlight in 0.5 N sodium hydroxide. Extraction with 
chloroform after neutralization yielded a crystalline compound 
with the empirical formula CjgHjgN^.Og. The following year 
Kuhn and co-workers (14) using ovoflavin, which was riboflavin 
isolated from eggs (15), repeated the work of Warburg and 
Christian when they also isolated and crystallized a yellow-
green fluorescent compound with the same empirical formula of 
^13h12n4°2 (Figure l). This compound which had identical 
properties to the photodegradation product previously isolated 
was named lumlflavin. Using the same procedure as above, 
Ellinger and Ko schara (16) isolated a compound with the same 
properties as lumlflavin but with a different empirical for­
mula. However, this was later revised so that It agreed with 
the findings of Warburg and Kuhn. The structure of this 
photodegradation product was proven when Kuhn and associates 
(17) synthesized 6,7,9 trimethy11soalloxazine, a compound 
which was identical in every way to the photodegradation com­
pound. 
Figure 1. Photodegradation of riboflavin 
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The only other major photodegradation product Isolated 
and characterized thus far Is known as lumlchrome. Karrer 
and co-workers (18) observed that the yellow color of ribo­
flavin faded when an acid or neutral aqueous riboflavin solu­
tion was exposed to sunlight. When most of the yellow color 
had disappeared, the solution possessed a sky-blue fluores­
cence instead of the yellow-green fluorescence exhibited by 
riboflavin and lumlflavin solutions. The difference in 
fluorescence was particularly noticeable in methsnolic solu­
tions. Karrer was able to crystallize and determine the 
structure of this photodegradation product which he found to 
be 6,7 dimethylalloxazine (Figure l). Kuhn and Rudy verified 
all these results (19). Also Suppléé and co-workers (20) 
showed that the yellow-green fluorescent substance extracted 
from milk possessed marked growth promoting activity, but on 
exposure to light of 3100 and 4800 Angstroms the extract lost 
its growth promoting properties and assumed a blue fluores­
cence. Presumably the riboflavin of milk was being degraded 
to lumlchrome by the light. 
During the isolation and characterization of lumlflavin 
and^lumichrome, the structure of riboflavin was unknown. How­
ever, these two photodegradation compounds aided the early 
workers in the elucidation of the structure of this vitamin. 
The structure of riboflavin was established conclusively when 
it was synthesized Independently by Karrer et al. (21) and 
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Kuhn et al. (£2). The yellow-green fluorescent pigments being 
isolated at that time were shown to undergo similar photo­
degradation and after much work it was found, for example, 
that the pigments (flavins) isolated from egg white or yolk, 
liver, dandelion, and malt (23, 24, 25, 26, 27) were identical 
to the compound lactoflavin. Lactoflavin is the German name 
which was given to riboflavin following its first isolation 
from milk. Thorough reviews of the history and chemistry of 
riboflavin have recently been written by Beinert (28) and 
Garr (29). Also Oster _et al. (30) have written a short review 
oriented more toward the photochemical aspects of riboflavin. 
Kuhn and co-workers (10) demonstrated the fading of the 
yellow color of riboflavin solutions under high vacuum upon 
exposure to light. However, on the readmission of oxygen the 
yellow flavin color was partially restored. The compound 
restored on oxidation could be differentiated from riboflavin 
since It was converted In base to lumlflavin. Kuhn called 
this new flavin, deuteroflavin. Kuhn thought that during the 
photobleaching process riboflavin was being altered somewhat, 
thus producing on admission of oxygen the deuteroflavin. 
About this same time, Koschara (31) also demonstrated this 
reversible photobleaching. He agreed with Kuhn that an 
altered flavin was produced during the overall process. How­
ever, Koschara went a step farther and predicted that the 
leucocompound, that is the faded compound, was formed via a 
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dehydrogenation process in which the side chain of riboflavin 
served as the reducing agent for the isoalloxazine ring. 
That the ring was reduced during photolysis was later proven. 
There still remains considerable uncertainty as to the 
exact nature of deuteroflavin and of the reactions leading 
to the final photolysis products. Karrer and associates 
studied the variety of flavins shown in Figure 2 and demon­
strated that in order for rapid photobleaching to occur a free 
hydroxyl group must be present in the 2 position of the side 
chain.' Compounds I (32, 33), II (32, 33, 34) and III (35) 
undergo photobleaching and the normal "lumlchrome cleavage", 
that is in aqueous neutral or acidic solution the action of 
light causes the compound to be converted almostly exclusively 
to a compound having no N-9 constituent (an alloxazine). On 
the other hand, compound IV (36) does not undergo "lumlchrome 
cleavage" but is more slowly oxidized in 75 percent methanol 
to a flavin containing the methyl ester of propionic acid for 
a side chain. Compound V (18, 37), lumlflavin itself (18) 
and acetylated riboflavin (34) undergo insignificant reaction. 
In comparing relative rates of photobleaching, compound I is 
bleached almost colorless if placed in the sunlight for 1 day, 
while compound IV remained essentially unbleached over a 
period of 14 days (33). Compound VI (38) does not undergo 
photobleaching and is not cleaved to a compound having no 
N-9 constituent in acid or neutral solution. When this amino-
Figure 2. Flavin analogs studied by Karrer 
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ethyl flavin is irradiated with light in basic solution it 
darkens but no chloroform soluble component forms, thus sup­
porting Koschara1s postulation (31) that photolysis of flavins 
is accompanied by a dehydrogenation process. Compounds I 
(32, 33), II (32, 33, 34) and III (35) on illumination in 
basic solution undergo "lumlflavin cleavage11, that is the side 
chain is degraded to a methyl group. From the photolysis of 
these flavin analogs, Karrer and his associates concluded 
that the presence of a primary or secondary hydroxyl group in 
the 2 position of the sugar-like side chain confers the prop­
erty of being light sensitive to the flavin. The decomposi­
tion of these flavins evidently takes place by dehydrogenation 
of the side chain, which is particularly sensitive at the 2' 
hydroxyl group. 
Based on the work of Kuhn, Koschara and Karrer, the 
mechanism shown in Figure 3 can be formulated. The ribityl 
side chain serves as the reducing agent for the isoalloxazine 
ring, thus forming the leucocompound, which has become known 
as leucodeuteroflavin. On reoxidation deuteroflavin is formed 
which then is converted in basic solution to lumlflavin. The 
mode of lumlchrome formation at that time was still very vague. 
The dehydrogenation is depicted at the 2' position based on 
the work of Karrer which was previously presented. 
The early work on the photochemistry of riboflavin should 
not be concluded without considering the work of Theorell (39). 
Figure 3. Mechanism for the anaerobic photolysis of ribo­
flavin based on the work of Kuhn, Karrer and 
Koschara 
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He demonstrated that riboflavin phosphate reacts quantita­
tively like riboflavin under the action of light. However, 
as expected the photoreduced product is not leucodeuteroflavin 
but is leucodeuteroflavin phosphate. Theorell carried out his 
anaerobic photolysis in a hydrogen atmosphere instead of the 
high vacuum system employed by most of the other workers. He 
stated that the absorption of energy activates the molecules 
to "primary photobodies" with the proportion of irreversibly 
altered molecules depending on the oxygen pressure and the 
hydrogen ion concentration. The partial pressure of oxygen 
is very important in the photochemical destruction of ribo­
flavin (phosphate), since the destruction is more rapid in 
air than in pure oxygen. Also Theorell was unable to detect 
any deuteroflavin in the presence of oxygen. The relative 
rates of the photochemical destruction are dependent on the 
hydrogen ion concentration with the photolytic rates in alka­
line, neutral and acidic solution decreasing in that order. 
This was verified when Povolotskaya et al. observed that 
riboflavin is destroyed at all pH values, but at lower pH 
values the riboflavin is preserved better than at the higher 
pH values (40). Lastly Theorell (39) found that riboflavin 
when anaerobically illuminated in strong base (0.5 N KaOH) is 
converted quantitatively to lumlflavin, while in weak base 
(0.002 N NaOH) both lumlchrome and lumlflavin are formed » He 
postulated that lumlflavin and lumlchrome were being formed 
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by cleavage of the side chains of deuteroflavin and leuco­
deuteroflavin, respectively. Shlmizu (41) in 1951, however, 
observed no quantitative conversion in acid or base. He 
always noticed that lumlchrome accompanied lumlflavin in base 
and vice versa in acid. 
In 1942 Williams and Cheldelin verified Theorell1 s work 
on the relative rates of photobleaching versus pH (42). They 
also observed that at elevated temperatures the photolysis 
of riboflavin was accelerated, but at elevated temperatures 
in the dark no destruction was observed. The rate of photo­
chemical destruction of riboflavin is a function of the light 
intensity and, of course, time of exposure to both artificial 
light and sunlight in the visible and ultraviolet ranges from • 
pH 3.7 to S.O (43). Outside of this work on the rates of 
riboflavin photolysis under various conditions, studies on 
the photochemistry of riboflavin lagged from 1936 through to 
'j 
the late 1940's. At that time several of the earlier rate 
studies were repeated. Shlmizu (44) demonstrated that ele­
vated temperature accelerated the photochemical degradation 
of riboflavin. This degradation was more noticeable in base. 
However, the photodecomposition in base at elevated tempera­
tures seemed to belong to a different type of degradation. 
Also in verification of earlier work, it was demonstrated 
that the light intensity affected the rate of photochemical 
breakdown. A trivial example of this is that the summer sun 
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Is twice as destructive as the spring and winter sun on water 
solutions of riboflavin (44). 
Interest developed then in trying to isolate and charac­
terize other photochemical degradation products from ribo­
flavin. Hals and Pecakova illuminated riboflavin solutions 
aerobically and demonstrated by means of paper chromatography 
the existence of degradation products other than lumlflavin 
and lumlchrome (45). However, they were unable to character­
ize the other spots. Svobodova and associates (46) also 
attempted to characterize paper chromatography spots. They 
showed that riboflavin in basic solution when aerobically 
illuminated and chromatographed on paper yielded three spots, 
two of which corresponded to lumlflavin and lumlchrome. The 
other spot, an unknown, when irradiated in the presence of 
base was then converted to lumlflavin and lumlchrome. No 
characterization of this unknown was accomplished. Likewise, 
when the illumination was performed in acid only two spots 
appeared when the sample was chromatographed in butanol: 
ethanol:water (4:1:5). One of the two spots was lumlchrome 
while the other spot was an unknown which when treated with 
acid followed by illumination was converted to lumlchrome. 
Again the unknown spot was not characterized. Since then it 
has been suggested by Holmstrbm and Oster (47) that the two 
unknown spots were the same compound. Most likely this com­
pound was deuteroflavin. Shlmizu in the same solvent system 
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observed by paper chromatography a yellow-green fluorescent 
spot which was thought to be a photochemical intermediate 
(deuteroflavin?) or a decomposition product of lumlflavin or 
lumlchrome (44). 
The only positively identified riboflavin photodecomposi­
tion product isolated and characterized other than lumlflavin 
and lumlchrome is the 9-acetic acid flavin (48, 49, 50). 
The existence of the 9-acetic acid flavin as an aerobic photo­
degradation product was proven by characterization of the 
acetic acid ester. The photolysis was done in an alcohol and 
water solution acidified with acetic acid. By paper chroma­
tography lumlchrome (49^ formation was again proven and also 
several of the 9-acetic acid flavin esters, among them the 
methyl, ethyl and propyl esters, were characterized (48). The 
ester isolated was dependent on the alcohol used as the sol­
vent. The ester (methyl or ethyl) of the 9-acetic acid flavin 
has been isolated and crystallized but the conditions for 
photolysis were very strong (50). The conditions were 376 
mg of riboflavin In 39 ml of 0.6 N sodium hydroxide and 37 ml 
of 30 percent hydrogen peroxide. After photolysis the ester 
was separated from the lumlflavin and lumlchrome formed by 
extraction with chloroform. 
It has been reported that deuteroriboflavin and deutero-
riboflavin phosphate have been obtained in the crystalline 
form from the anaerobic photolysis of riboflavin and ribo-
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f lav in-51-phosphate, respectively (51). Both the deutero-
compounds were hydrolyzed by alkali to lumlflavin, thus meet­
ing the requirements for Kuhn1s (10) deuteroflavin. However, 
the deuteroriboflavin yielded another flavin, an unknown, 
during the hydrolysis. No one else has been able to obtain 
the crystalline deuteroflavlns in order to verify this work. 
During the photodegradation of riboflavin to lumlflavin 
and lumlchrome, the side chain must be cleaved. Brdicka (52) 
studied the anaerobic photolysis of riboflavin by polaro-
graphic means. He studied the photolysis over the pH range 
1.8 to 12 and observed production of lumlchrome over the whole 
pH range but noted that the amount never exceeded 50 percent. 
At pH 12 polarographic waves for formaldehyde, lumlchrome and 
a four carbon aldose, presumably erytrose, were obtained. 
The waves for these compounds were of equivalent heights and 
therefore the compounds were present in approximately equal 
concentrations. Throughout the whole pH range the amount of 
lumlchrome formed was always about the same as the amount of 
formaldehyde produced. At a pH of 1.8 no cleavage products 
were observed since riboflavin decomposes very slowly at low 
pH values. His rates of photobleaching versus pH are in good 
agreement with the work presented previously. Also no hydro­
gen peroxide was noted by polarographic wave until oxidation 
of the reduced flavin and always in equivalent amount to the 
reduced flavin. Brdicka thought the reduced flavin to be 
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Kuhn1s (10) deuteroflavin. Baaed on these polarographic 
studies, Brdicka proposed the mechanism, which is shown in 
Figure 4A. It is postulated that a hydrogen atom is trans­
ferred from the 2 position of the side chain to the K-l or 
N-10 position of the isoalloxazine ring, thus producing a 
diradical. The two radicals can then interact forming a five 
membered ring. This reduced flavin can then split to form 
reduced hydroxymethyl flavin and erythrose, which may dis-
mutate to lumlflavin and erythronic acid. The hydroxymethyl 
flavin may also break down to lumlchrome and formaldehyde. 
Kocent ( 53, 54) repeated Brdicka1s polarographic studies 
but obtained completely contradictory results. The polaro-
graphic wave obtained at -1.69 volts from the anaerobic photo­
lysis of riboflavin in basic solution does not correspond to 
formaldehyde as previously suggested but does correspond to 
an equimolar mixture of glyceraldehyde and glycoaldehyde, 
which are formed by "lumlchrome cleavage". The wave appearing 
at -1.85 volts does not correspond to erythrose. No formalde­
hyde or erythrose formation was observed. As shown in Figure 
4B, Kocent also postulated a mechanism for the anaerobic 
photolysis of riboflavin. After first undergoing the photo-
reduction as depicted in Figure 3, the leucodeuteroflavin is 
split to 6,7 di methyl-9-fo rmylmethy11so alio xaz ine and gly-
ceraldehyde. Then on reaction with water, the "formylmethyl11 
flavin is converted to lumlchrome and glycolaldehyde. 
Figure 4. Mechanisms for the anaerobic photolysis of 
riboflavin 
A. Brdicka1 s mechanism (52) 
B. Kocent1s mechanism (53) 
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Still another group studied the side chain cleavage 
products and. reported that photolysis of riboflavin under 
anaerobic conditions yields D-rlbose, D-glyceraldehyde, gly­
col! c acid, D-erythrose, acetic acid and formic acid (55). 
This group also isolated two other acids, an aldehyde and two 
neutral compounds, all probably associated with the isoalloxa­
zine nuclei. From these results it was concluded that a 
radical breakage occurs at an arbitrary carbon-carbon bond as 
opposed to breakage at a specific bond. 
Shlmizu (56), looking for side chain cleavage products 
under aerobic conditions, found formaldehyde, formic acid and 
a sugar (presumably erythrose) when the photolysis was car­
ried out in neutral or acidic solution. The photolysis in 
basic solution yielded, besides these three products, ery-
thronie acid. The proposed aerobic photo lytic breakdown Is 
shown in Figure 5. 
Lastly, Sakai (57) observed that riboflavin at pH 6.4, 
when illuminated in the presence of air, yielded formaldehyde 
and trace amounts of glycolic acid and formic acid. The 
presence of formic acid was postulated by the oxidation of 
the formaldehyde by water. 
It is obvious from the preceding paragraphs that no 
exact conclusions may be drawn about what happens to the 
ribityl side chain of riboflavin during its photodegradation. 
Since no two workers completely agree on the side chain 
Figure 5. Shlmizu's mechanism for the aerobic photolysis 
riboflavin (56) 
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products, no all encompassing mechanism for the breakdown of 
the side chain can be postulated. It is remotely possible 
that all the side chain cleavage products reported above do 
exist under certain experimental conditions. It is possible 
that rigorous methods were not employed to make some of the 
systems anaerobic, thus leading to the complicating presence 
of oxygen and the probability of more side chain degradation 
products. 
In recent years an alternate mechanism has been advanced, 
in which it is postulated that the photoreduced flavin is not 
an altered flavin but merely dlhydroriboflavin or leucoflavin 
(58, 59, 60, 61). An illustration of this reaction scheme is 
shown in Figure 6A. According to this scheme, water first 
complexes with the riboflavin (Rb) and then the photo reduction 
occurs with the complexed water serving as the reducing agent. 
No lumichrome (Lc) and lumiflavin (Lf) are formed until oxygen 
Is readmitted to the system. They are generated because the 
OH radicals produced during oxidation of the leucoflavin 
(RbHg) attack the ribltyl side chain, thus degrading the ribo­
flavin as it reforms. Rabinowitch (62) has contested this 
mechanism stating that too much energy is needed for the 
splitting of water. However, Nickerson, the one who proposed 
the leucoflavin as the photoreduced flavin, argues that the 
energy necessary to split water is greatly reduced once it is 
complexed with the riboflavin through the side chain. Proof 
Figure 6. Mechanisms for the anaerobic photolysis riboflavin 
A. Nlckerson1 s mechanism (61) 
B. Oster1s mechanism (30) 
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for this mechanism is based on what happens when "activators11 
are added to the solutions to be photolyzed (61). In the 
presence of excess amounts of activators (methionine or EDTA), 
little or no degradation of riboflavin occurs when a photo-
bleached sample is reoxidized. It is postulated that the 
activator further complexes with the rlboflavin-water complex. 
By doing this, the side chain is protected from degradation. 
During the photoreduction step the methionine, assuming it to 
be the activator, accepts the oxygen moiety from the split 
water and is thus oxidized to methionine sulfoxide. Oster 
has found indirect evidence which refutes this reasoning. He 
has reported that methionine can act as the electron donor for 
the photoreduction of methylene blue, among other dyes. This 
is most easily demonstrated by the dye-sensitized photopoly-
merization of vinyl monomers (63). In this reaction methi­
onine acts just as does EDTA (58) and other tertiary ajnines 
(64, 65). 
In rebuttal Oster et al. (30) proposed the reaction 
scheme shown in Figure 6B based on the earlier work plus some 
of their own work, which will be presented subsequently. The 
riboflavin (Rb) may undergo a photoreduction analogous to the 
one predicted by the workers in the 1930's. This yields a 
compound which is considered to be leucodeuteroflavin (DfHg). 
It can then be converted by oxidation with oxygen or another 
molecule of riboflavin to deuteroflavin (Df). As this 
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"cycling" process is repeated more and more lumichrome (Lc) is 
produced at the expense of riboflavin and lumiflavin (Lf), a 
fact which has been shown (61). It was further observed that 
the rate of photobleaching of a solution which had been photo-
reduced and reoxidized is more rapid than the rate of photo-
bleaching of the original riboflavin solution (47). This is 
expected since deuteroflavin should be more light sensitive 
than the original riboflavin solution (47). The reaction 
scheme is also consistent with the results which are obtained 
when an anaerobically photobleached solution of riboflavin is 
allowed to stand in the dark for several days. During this 
period of standing, lumiflavin is produced. This dark reac­
tion is accelerated if the solution is made alkaline (30). 
As shown in Figure 7, the spectrum of the faded solution 
kept free of oxygen shows that the changes in the visible 
spectrum are greater than those in the ultraviolet (47). In 
the region of 450 to 500 m/z , the optical density of the faded 
solution is a constant fraction of that of the original solu­
tion, indicating that a certain amount of riboflavin remains. 
If the absorption below 450 nyx is corrected for the absorption 
of the remaining dye, the resultant curve shows a maximum at 
400 m/J. (Figure 7). Analysis of the fading curves indicates 
that the reaction initially is a simple transformation of 
riboflavin to the compound having the 400 m/z. peak (47). 
Oster and co-workers (47) formulated the kinetic scheme 
Figure 7. Spectra of riboflavin and its photoproduct (47) 
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below: 
Rb > Rb* (1) 
Rb* > Rb + Wheat (2) 
Rb* > Rb1 (triplet?) (3) 
Rb' > Rb + h^/heat (4) 
According to this scheme, the riboflavin absorbs energy and 
is transformed to the excited state, Rb* (Equation l). This 
excited state may fall back to the ground state emitting 
fluorescence and heat (Equation 2) or it may undergo a transi­
tion to a long-lived state, Rb' (Equation 3). It is predicted 
that the triplet in Equation 3 may either undergo photolysis 
or may fall back to the ground state with the emission of heat 
and phosphorescence (Equation 4). This kinetic scheme is 
compatible with the results of Oster et al. (47) who demon­
strated that externally added quenchers, especially heavy 
atoms like potassium iodide, are effective quenchers of the 
photochemical reaction even though they are not present In 
great enough quantities to quench the fluorescence. There­
fore, it was concluded that the long-lived state is the state 
undergoing the photochemical reaction. A diagram of the 
electronic energy levels of riboflavin and possible transi­
tions between levels is shown in Figure 8 (30). The dotted 
arrows and unbroken arrows indicate the luminescence and non-
radiative transitions, respectively. The fluorescence occurs 
from the first excited state, S]_, to the ground level, SQ, 
Figure 8. Diagram of electronic energy levels of riboflavin 
and possible transitions between levels (30) 
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while phosphorescence at room temperature and at lower temper­
ature occurs from the metastable state, T, to S0 via S1 and 
directly from T to S0, respectively. Presumably the T state 
is the one which undergoes the photochemical reaction. 
Just recently Holmstrom (66) using flash photolysis com­
bined with kinetic spectroscopy has observed a metastable 
intermediate in the anaerobic photolysis of riboflavin in 
neutral aqueous solution. Since quenchers and EDTA have 
little Influence on the decay rate of this intermediate, one 
can eliminate the possibility of it being identical to the 
triplet state, which was mentioned previously in Equation 3. 
The metastable intermediate decayed via a second order rate 
in the absence of oxygen. However, when oxygen or other 
oxidizing agents are present, the decay followed almost pure 
first order kinetics. Judging from these reactions and its 
absorption spectrum, the intermediate appears to be a semi-
qulnone, possibly the one postulated by Brdicka (52). There­
fore, the above kinetic scheme can be expanded to include the 
first photochemical reaction of riboflavin. 
Rb' > DH- (5) 
2DH- > Rb + DHg (6) 
In these equations, DH* and DHg represent the semiquinone and 
the fully reduced altered flavin, respectively. 
The possible biological significance of the extreme light 
sensitivity of riboflavin has not been ascertained. It is 
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known that riboflavin is present in high concentrations in 
the retina of many mammals, in fact, even in the crystalline 
state in the lemur (?). The eye of the lemur contains a layer 
of crystals of riboflavin immediately behind the visual cells. 
Pirie (7) reports that through its fluorescence riboflavin 
can transform short-wave blue light to light of longer wave­
length, to which rhodopsin is more sensitive. It is not known 
at the present if this is the only function of riboflavin in 
sight. Possibly the photochemical reactions of riboflavin 
also play another role in sight. 
It is also possible that enzymic reactions analogous to 
the photochemical reactions of riboflavin occur in bacteria 
and animals. Owen et al. have shown that the urine of goats 
contains 6,7 dimethyl-9-(2'-hydroxyethyl)-isoalloxazine and 
that this content is independent of the amount of light the 
goat receives (67, 68, 69, 70). Also Stadtman et al. (71, 72) 
have demonstrated that certain bacteria when grown anaerobic 
in a suspension of riboflavin, which serves as the primary 
carbon source, form a green precipitate in from 1 to 3 days. 
This green precipitate gradually turns red and then over a 
period of 4 to 8 weeks the compound obtained is completely 
orange• The orange compound has been definitely proven to be 
the same "hydroxyethyl11 flavin that was isolated from goat 
urine. By analogy to the work of Kuhn and Strobele (73), it 
was postulated that the green and red compounds were 
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quinhydrone-like complexes of the half-reduced "hydroxyethyl11 
flavin and oxidized flavin (or possibly of two half-reduced 
flavins) and of the half-reduced flavin and the fully reduced 
flavin, respectively. This has been verified by oxygen con­
sumption experiments (71). Still to be answered is how does 
this "hydroxyethyl" flavin form? Is its formation analogous 
to the photochemical degradation of riboflavin? As of now no 
answers can be given as to the possible biological signifi­
cance of the photochemistry of riboflavin.. 
39 
EXPERIMENTAL 
Mat erlals 
Riboflavin 
Riboflavin (6,7 dimethyl-9-(D-l'-rlbityl)-isoalloxazine), 
a gift from Merck and Co., Inc., was recrystalllzed from 2 N 
acetic acid and stored in a desiccator over magnesium per-
chlorate. Before using, all but trace amounts of lumiflavin 
and/or lumichrome were removed from the riboflavin by extrac­
tion with chloroform. 
Lumiflavin 
Lumiflavin (6,7,9 trimethylieoalloxazine) was synthesized 
by the procedure described by Hemmerich ejc al. (74). After 
recrystalllzation, first from 2 N acetic acid and then from 
88 percent formic acid, it was sublimed at temperatures between 
200 and 250° at 10 microns pressure of Hg. The flavin char­
acter was confirmed by the distinctive flavin spectrum with 
max 265, 362 and 445 mpu. That the flavin was lumiflavin 
was demonstrated by the characteristic lumiflavin spectrum in 
chloroform, as shown by Warburg and Christian (75) and by 
Kuhn et al. (10). 
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Lumichrome 
Lumichrome (6,7 dimethylalloxazine) was prepared by 
irradiating a 50 percent methanol-water solution of riboflavin 
in the sunlight (18). After photolysis the lumichrome was 
extracted from the solution with chloroform and was recrystal­
llzed from glacial acetic acid. 
6.7 Dlmeth.vl-9-formylmethylisoalloxazlne 
The synthesis of this compound was accomplished by the 
periodic acid oxidation of riboflavin as described by Fall and 
Petering (76). The compound was recrystalllzed from absolute 
methanol and decomposed, at 270-271°, reported at 270.5-271° / 
(76). 
6.7 Dimethyl-9-(2'-hydroxyethyl)-isoalloxazine 
This compound was synthesized by the sodium borohydride 
reduction of the above compound as described by Fall and 
Petering (76). 
Assay media 
Riboflavin culture agar and riboflavin assay medium were 
purchased from Difco Laboratories and used according to the 
instructions. 
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Lactobacillus easel 
The bacteria were a gift from the Bacteriology Department 
of Iowa State University. 
Silica gel 
Silica gel G and silica gel (less than 0.08 mm) were 
obtained from E. Merck AG-, Darmstadt, Germany. 
Water 
Freshly boiled glass-redistilled water with a specific 
conductance of 2.2 x 10"6 ohm"1 was used. 
Methods 
Anaerobic photolysis In thunberg tubes 
Flavin solutions (approximately 10~4 M) were placed in 
modified thunberg tubes and evacuated, first with a water 
aspirator for 15 minutes and then with a mechanical pump for 
the same length of time. During the evacuation the tubes 
were shaken vigorously several times to aid in ridding the 
solutions of air bubbles. The flavin solutions, which were 
protected from the light until photolysis by aluminum foil, 
were illuminated with a 15-watt Sylvania fluorescent lamp. 
The fluorescent lamp was used instead of an incandescent lamp 
because fluorescent lamps produce much less heat that could 
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cause unwanted side reactions. The light source was placed 
at various distances from the sample cuvette depending on the 
desired rate of photobleaching. The photoreduction and sub­
sequent oxidation, when oxygen was admitted with shaking, were 
followed spectrophotometrically on a Gary Model 14 spectro­
photometer or at 445 mju, on a Beckman DU spectrophotometer. 
Both spectrophotometers were fitted with a special cell com­
partment cover to accomodate the thunberg tubes used for the 
anaerobic measurements. 
The thunberg tubes consisted of two pieces connected by 
a 14/20 standard tapered Joint. The base piece was made by 
sealing a 7 cm length of 12 mm pyrex tubing to a standard 
1 cm pyrex cuvette and the top section was made by sealing a 
•3 cm piece of 12 mm pyrex tubing containing a medium sintered-
glass filter to a stopcock. The function of the slntered-
glass filter was to prevent loss of solution through "bumping" 
during evacuation. 
When the photolysis was carried out In the absence of 
light of wavelength 400 m/6 and below, a yellow filter whose 
transmittancy is shown in Table 1 was taped to the face of the 
cuvette nearest the light source. All light other than that 
being transmitted through the light filter was excluded by 
taping the rest of the thunberg tube with black electrical 
tape. This was sufficient to keep all other light from the 
flavin solution. 
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Table 1. Comparison of transmittanoy and wavelength for a 
yellow glass filter 
Wavelength Transmittancy 
520 m/u. 88# 
500 ' 88 
450 81 
425 66 
410 36 
400 0 
Leucoflavin 
A 2 x 10"5 m solution of riboflavin was placed in flask 
D of the special hydrogénation apparatus (Figure 9) with a 
trace of palladium black and a magnetic stirring bar. While 
stirring the solution, the system was evacuated and then 
flushed with hydrogen. After the hydrogénation the apparatus 
was Inverted and the solution was filtered through the 
sintered-glass filter C into the spectrophotometer cell A. 
That the riboflavin was reduced could be deduced from the 
decrease in optical density at 445 This fell from about 
0.22 for riboflavin to 0.010 after prolonged hydrogénation. 
Higher concentrations of riboflavin could not be used since 
leucoflavin has an extremely low solubility (about 2 x 10"5 M) 
and would be trapped on the filter if present in higher con-
t 
Figure 9. Micro hydrogénation apparatus for dihydroriboflavin 
preparation (29) 
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45 
VACUUM LINE 
46 
centrations. 
Microbiological assay 
The procedure of Snell and Strong (77) based on the 
titration of acid produced during the growth of Lactobacillus 
easel was employed. 
Thin layer chromatography 
Two-hundred fifty micron silica gel G plates (20 cm x 
20 cm), prepared according to Stahl (78), were used. The 
Desaga thin layer chromatography apparatus was used in the 
preparation of chromatography plates. Normally 1 to 2 x 10™^ 
micro moles of flavin (10 to 20 juX of a 10""* M solution) were 
applied at spots 1 cm apart on the plates. Two solvent sys­
tems were used: butanol(7) : ethanol(2) :water(l) and water 
saturated with lsoamyl alcohol (61). The spots were detected 
after chromatography by their blue or yellow-green fluores­
cence under an ultraviolet light. The light source was a 
Mineralight purchased from Ultraviolet Products, Inc., South 
Pasadena, California. 
Macrophotolysls and the macrophotolysls apparatus 
To photolyze larger samples up to 2 liters in volume, a 
special apparatus (Figure 10) was constructed, which consisted 
of two 3 liter round bottom flasks connected with 300 cm of 
Figure 10. Macrophotolysls apparatus 
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1 cm pyrex tubing, which was coiled in such a way that the 
light source could be placed directly above the colls. After 
a 10"4 M flavin solution was placed in flask A, the whole 
apparatus was evacuated by means of a mechanical vacuum pump 
for 45 minutes to 1 hour. The solution was then forced through 
the coils into flask B by 1 atmosphere of nitrogen. The 
nitrogen had been prepurified by passing over hot copper and 
had been stored in a 12 liter reservoir. The desired amount 
of photobleaching could be accomplished In two ways : first, 
the flow rate through the coils could be controlled by intro­
ducing several sintered-glass filters at the end of the coils: 
and secondly, by placing a stopcock at the end of the coils, 
the bleaching could be accomplished in successive portions. 
About 125 ml of riboflavin solution could be photobleached 
every 2 hours using either method. 
Column chromatography 
After illumination the flavin solution was evaporated in 
the dark to dryness in vacuum at 50°• During the evaporation 
silica gel (less than 0.08 mm) was added in small amounts to 
adsorb the flavins precipitating from solution. In all 0.75 
grams of silica gel were added per 2 liters of solution 
evaporated. The silica gel with the adsorbed flavins was then 
added to a dry-packed silica gel (less than 0.08 mm) column. 
The preparation of the sample and silica gel and the packing 
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of the column were based on the techniques described by Dahn 
and Fuchs (79) except that instead of using a horizontal 
cellulose tube for the column, a 32 mm by 300 mm length of 
pyrex tubing held vertically was employed. The eluant was 
the same butanol:ethanol:water mixture used for the thin layer 
chromatography. After the first band had moved the length of 
the column, all the bands were separated mechanically and 
extracted from the silica gel with water. It was not feasible 
to elute the bands from the column since this process would 
have taken weeks. During the chromatography the, column was 
wrapped with aluminum foil to prevent further photodecomposl-
tlon of the flavins. 
Sodium borohydride reduction 
The procedure used for the sodium borohydride reduction 
of compound X was the same as described by Fall and Petering 
(76) for the reduction of 6,7 dlmethyl-9-formylmethyliso-
alloxazine. The reaction, however, was carried out on such 
a small scale that no product was isolated. The product was 
identified by thin layer chromatography. 
pKa determination 
The pK of protonation for compound X was determined 
spectrophotometrically. Approximately 10~4 M solutions of the 
compound were prepared in buffers of ionic strength no greater 
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than 0.1 except at high acid concentrations where the ionic 
strength exceeded 0.1. The following buffers were used: 
pH 0-2, HC1; pH 3-5, formate; pH 5-6.5, acetate. The pK was 
obtained from the change in optical density at 445 over 
the pH range of 0 to 6.5. The pH of each solution was record­
ed with a Beckman pH meter. All values were fitted to a 
theoretical curve for the ionization, the mid-point of which 
determined the pKa. 
Heat treatment 
Riboflavin solutions ( approximately 10-4 M) were evacu­
ated in thunberg tubes in the manner described previously. 
As usual the solutions were protected from light by aluminum 
foil. After evacuation the tubes were placed in a steam cone 
whose temperature varied from 95 to 100°. 
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RESULTS AND DISCUSSION 
Anaerobic Photobleaching Curves of Riboflavin 
The effect of light on riboflavin solutions under 
anaerobic conditions is presented graphically in Figure 11. 
The visible spectra are shown In relative times of photolysis 
since, of course, the time for photobleaching would depend on 
the distance of the light source from the sample cuvette. The 
dotted line represents the spectrum obtained when the sample 
(curve 7) is reoxidized. This is in perfect agreement with 
the observations of Kuhn (10), who first showed the reversible 
photobleaching nature of riboflavin solutions. 
Assuming that the 445 x&jj, absorption (Figure 11) during 
the anaerobic photolysis of riboflavin represents a constant 
fraction of riboflavin originally present, then the difference 
curves shown in Figure 12 can be calculated. These curves 
clearly indicate that as the photolysis proceeds, a species 
absorbing in the region of 390 m// is being formed. Larger 
concentrations of this absorbing species are produced as the 
photolysis proceeds toward completion. However, on reoxida-
tlon of the sample the 390 m/u, peak is somewhat decreased. 
Holmstrom and Oster (47) have also reported that calculated 
difference curves indicate the rise of a 400 peak. As 
yet, this absorption peak can not be assigned to a specific 
compound, but it does indicate that the first photochemical 
Figure 11. Spectra of riboflavin at various times during 
anaerobic photolysis 
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After air was admitted with shaking 
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Figure 12- Calculated difference curves obtained at various 
times during the anaerobic photolysis of 
riboflavin 
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reaction is probably a simple transformation of riboflavin to 
a compound having a peak in the region from 390 mjuc to 400 m/la,* 
From Figure 11, it is apparent that 445 mJJ. is the opti­
mum wavelength to use when following the riboflavin photo­
bleaching; hence, all photobleaching reactions, were followed 
spectrally at 445 mjx. A typical curve obtained when the 
anaerobic photobleaching of a riboflavin solution is followed 
at 445 mjbi is shown in Figure 13. This curve agrees fully 
with that shown by Holmstrom and Oster (47) and with the 
description of Strauss and Nickerson (6l). This curve was 
obtained by illuminating a riboflavin solution in an evacuated 
modified thunberg tube with a 15-watt fluorescent lamp placed 
23 cm from the sample. VJhen air was admitted to the partially 
bleached solution, reoxidation of the isoalloxazine ring 
occurred as was indicated by the partial return of the yellow 
color. Samples removed after 17 and 24 hours had 89 percent 
and 84 percent of the color restored, respectively, upon 
admission of oxygen. After 83 hours the optical density had 
dropped to 0.046. Upon longer illumination the optical 
density did not change appreciably and it was assumed that 
after this time photoreduction was complete. 
As shown in Figure 14, buffer concentration has a large 
effect on the rate of the anaerobic photolysis of riboflavin. 
In this work phosphate buffer (pH 6.60 to 6.80) was used as 
the buffering agent. No rate differences were noticeable at 
Figure 13. Absorbancy at 445 m/^- versus time during anaerobic 
photolysis of riboflavin 
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the same buffer concentration between the two pH values. How­
ever, as the buffer concentration increased the rate of photo­
lysis also Increased. It has been reported that the rate of 
riboflavin photolysis in 0.065 molar buffer is twice that when 
the buffer is absent (47). To a first approximation, these 
results are the same as those reported above. Halwer (80), 
using various organic buffers, has reported that the rate of 
fading of riboflavin under aerobic conditions increases with 
the square of the buffer concentration. Similar results have 
also been reported for the photolysis under anaerobic condi­
tions (47). All these results are consistent with the photo­
lysis of riboflavin being general acid-based catalyzed. 
The Photoreduced Riboflavin 
Microbiological assays were run on the 17 and 24 hour 
samples of the photobleached riboflavin (Figure 13) in order 
to determine whether or not riboflavin was reformed when the 
photoreduced samples were oxidized (Table 2). The percent 
riboflavin photoreduced is based on the assumption that after 
83 hours photoreductlon is complete (Figure 13), while the 
values for the percent microbiological activity expected is 
based upon the assumption that all the yellow color restored 
represented riboflavin. The growth promoting activities 
clearly indicate that most of the yellow color restored upon 
oxidation Is not riboflavin. This finding is in agreement 
63 
Table 2. Microbiological assay of reoxidized photoreduced 
riboflavin 
Percent .a 
17 hour 24 hour 
sample sample 
Riboflavin photoreduced 81 87 
Original flavin color restored 89 84 
Microbiological activity expected 89 84 
Riboflavin found by microbiological 
assay 2 9 + 5  £
 
1+
 
^Percentages are based on a value of 100# for the 
original unbleached riboflavin solution. 
with the experiments of Theorell (39) in which reoxidation of 
photoreduced riboflavin phosphate produced a flavin which was 
no longer active as a coenzyme for the "old yellow enzyme". 
Microbiological assays were also run on air oxidized 
leucoflavin, which was prepared by catalytic hydrogénation of 
riboflavin (Table 3). The percent riboflavin reduced by the 
catalytic hydrogénation is based on an optical density of 
0.010 for a 2 x 10~® molar leucoflavin solution. This was 
the optical density obtained when the riboflavin was sub­
jected to prolonged hydrogénation. The lack of complete 
reoxidation of the hydrogenated riboflavin, line 2 of Table 3, 
may be the result of further reduction of some of the leuco­
flavin to forms which are not readily reoxidizable. Karrer 
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Table 3. Microbiological assay of oxidized leucoflavin, 
prepared chemically 
Percent3, 
Sample I Sample II 
Riboflavin reduced by Hg/Pd 76 80 
Original color restored 74 69 
Microbiological activity expected 74 69 
Riboflavin found by microbiological 
assay 7 0 + 8  61 + 10 
^Percentages are based on a value of 100/» for the 
original unbleached riboflavin solution. 
and Ostwald (81) have reported that flavins more reduced and 
more stable to oxygen than leucoflavin can be produced on pro­
longed hydrogénation of riboflavin, and other flavins. The 
percent microbiological activity expected is based on the 
same argument as previously presented. The results, shown on 
line 4 of Table 3, clearly indicate that leucoflavin is re-
oxidized to microblologically active riboflavin. Hence, 
oxidation of leucoflavin by air does not lead to side chain 
degradation and it follows that the photoreduced flavin is not 
leucoflavin (dihydroriboflavin). 
Thin layer chromatography on silica gel G- in two differ­
ent solvent systems verified this conclusion. Drawings of 
typical chromatograms are shown in Figure 15. These two 
chromatograms show that reoxidized leucoflavin contains no 
Figure 15. Thin layer chromatography of reoxidized 
leucoflavin prepared by catalytic hydrogénation 
RB - Riboflavin 
Hg/PD - Reoxidized leucoflavin 
LC - Lumichrome 
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compounds other than riboflavin and trace impurities of luml-
chrome and an unknown flavin which were present in the orig­
inal riboflavin solution as well. The trace impurities could 
be detected only when the chromatograms had been spotted 
heavily. By contrast, as will be presented subsequently in 
detail, photobleached reoxidized riboflavin chromatograms show 
additional spots. 
Therefore, it is concluded with the earlier workers that 
the anaerobic fading of riboflavin results from the photo-
oxidation of the ribityl side chain and not from the cleavage 
of an 0-H bond of water, which is complexed to riboflavin. 
Still further, but indirect, evidence that the side chain 
is involved in the photoreduction of riboflavin is illustrated 
by the anaerobic photolysis of lumiflavin (Table 4). Lumi-
flavIn, which has a methyl group for a side chain, is very 
Table 4. Anaerobic photolysis of an aqueous lumiflavin 
solution 
Time Absorbance at 445 m 
0 hour 1.155 
17 1.055 
18 1.044 
1.026 
24 1.005 
Air admitted with shaking 1.005 
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slowly photobleached to the extent of only about 9 percent 
(in contrast to 81 percent for riboflavin) in 17 hours and 
about 13 percent in 24 hours. Admission of air to a sample 
bleached for 24 hours resulted in no recovery of color, thus 
indicating that the bleaching results from the degradation of 
the isoalloxazine ring. This is also indicated by thin layer 
chromatography since only one spot, corresponding to lumi­
flavin, appears. Furthermore, Garr (29) has shown that upon 
addition of ethanol (1.0 M) or glycerol (l.O M) the photo­
reduction proceeded at a rate comparable to that of the ribo­
flavin photoreduction and that the reoxidation of the photo­
reduced lumiflavin-alcohol solution was also similar to the 
reoxidation of the photoreduced lumiflavin solution. 
Separation and Identification of 
Unknown Photolysis Products 
Chromatography of the anaerobically photobleached and 
reoxidized riboflavin in the butanol:ethanol:water solvent 
showed four spots, as shown in Figure 16. Two of these corre-
ponded both in the color of their fluorescence and in Rf 
values to lumichrome and to lumiflavin and/or riboflavin. The 
other two spots represented unknown photolysis products. The 
major one of higher Rf value was designated as X and the minor-
component as Y. Compound Y, whose position in Figure 16 is 
outlined with a dashed line, was present in only small amounts 
but in much greater concentration than trace impurities. The 
Figure 16. Thin layer chromatography showing presence of 
6,7 d i me thy 1-9 - fo rmy lme thy 1i so alioxaz ine as 
an anaerobic photolysis product of riboflavin 
RB - Riboflavin 
LF - Lumiflavin 
LC - Lumichrome 
RB* - Anaerobically photobleached and 
reoxidized riboflavin t 
FM - 6,7 Dimethyl-9-formylmethylisoalloxazine 
FMX - Mixture of 6,7 dimethyl-9-formylmethyl-
isoalloxazine and compound X 
X - Compound X 
BH4 - Compound after sodium borohydride reduction 
HE - 6,7 Dimethyl-9-(2'-hydroxyethyl)-
isoalloxazine 
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butanol:ethanol:water solvent system did not separate lumi­
flavin from riboflavin, but chromatography in water saturated 
with isoamy! alcohol showed that both compounds were present. 
With this latter solvent system chromatograms contained three 
spots corresponding to lumiflavin, lumichrome and riboflavin. 
Unknown spot X moved with the same Rf as lumichrome. Strauss 
and Nickerson (61) obtained similar results using the 1so amy1 
alcohol-water solvent system for paper chromatography with one 
minor difference. On paper lumiflavinimoves faster than lumi­
chrome while the reverse is true on thin layer plates. It can 
also be observed in Figure 16 that compound X has the same Rf 
value as 6,7 dimethyl-9-formylmethylisoalloxazine. 
Figure 17. 6,7 Dimethyl-9-formylmethylisoalloxazine 
In order to verify the thin layer chromatography results, 
larger samples were illuminated and then chromatographed on 
silica gel columns with the butanol:ethanol:water solvent. 
While separation was not as good as on thin layer plates, four 
II 
0 
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bands appeared corresponding to the four spots of the thin 
layer chromatograms. Attention was focused on unknown com­
pounds X and Y. From 75 mg of photolyzed riboflavin placed 
on a column, about 10 molar percent estimated spectrophoto-
metrically of compound X, contaminated with amounts of lumi­
chrome (Figure 16), and about 1 molar percent of compound Y 
were recovered. 
Despite persistent attempts it has not yet been possible 
to obtain a pure, crystalline sample of compound X. However, 
the following experiments were performed which indicate that 
compound X is 6,7 dimethyl-9-formylmethylisoalloxazine. 
Sodium borohydride reduction 
When compound X is treated with borohydride, it is con­
verted almost quantitatively to a flavin corresponding in Rf 
value to 6,7 dimethyl-9-(2'-hydroxyethyl)-isoalloxazine 
(Figure 16). As shown in Figure 18, authentic "formylmethyl" 
flavin undergoes the same reaction on borohydride reduction 
(76). 
Figure 18. Conversion of "formylmethyl" flavin to 6,7 
dimethyl-9-(2'-hydroxyethyl)-isoalloxazlne by 
sodium borohydride 
73 
Base treatment 
As shown In Figure 19, compound X when treated with 2 N 
sodium hydroxide in the dark is converted to a compound corre­
sponding in Rf value in two solvent systems to lumiflavin. 
This conversion also occurs when authentic 6,7 dimethy1-9-
formylmethylisoalloxazine is treated with 2 N sodium hydroxide 
in the dark (Figure 20). This reaction seems to be unique 
for the "formylmethyl" flavin since riboflavin and 6,7 
dimethy1-9-(2'-hydroxyethyl)-isoalloxazine do not undergo this 
conversion. Above a pH of 9.0 the "formylmethyl11 flavin base 
conversion proceeds to a significant extent, thus making it 
impossible to measure the compound's second pKa, which by 
analogy with other flavins should be around 10. The reaction 
is very fast and at a pH of 9.25 significant amounts of "lumi­
flavin" have accumulated within one minute. In fact in 2 N 
sodium hydroxide the reaction has proceeded to completion 
within the time it takes to neutralize the "formylmethyl" 
flavin solution after it has been made basic. 
However, as yet, It has not been possible to obtain a 
pure sample of the base treated "formylmethyl" flavin. 
Authentic lumiflavin yields on crystallization from 2 N ace­
tic acid or 88 percent formic acid, orange-yellow crystals. 
The purification of lumiflavin can also be accomplished by 
sublimation. On the other hand, when the base treated 
"formylmethyl" flavin solution is made acidic with the acetic 
Figure 19. Thin layer chromatography of base treated 
compound X 
X - Compound X 
XB - Compound X 
LF - Lumiflavin 
LC - Lumichrome 
treated with 2 N sodium hydroxide 
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Figure 20. Thin layer chromatography of "base treated 
6,7 dimethyl-9-formylmethylisoalloxazine 
FM - 6,7 dimethy1-9-formylmethylisoalloxazine 
FMg - 6,7 dimethy1-9-formylmethyllsoalloxazlne 
treated with 2 N sodium hydroxide 
LF - Lumiflavin 
LC - Lumichrome 
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acid, a green gelatinous mass precipitates. This mass when 
taken up in boiling formic acid and then cooled produces the 
typical orange-yellow crystals accompanied by a slightly 
greenish tinge. Attempts to sublime these crystals have thus 
far resulted in failures. Spectra were run on samples twice 
recrystallized from formic acid. A comparison of the ultra­
violet and visible spectra in chloroform of authentic lumi-
flavin and the base treated "formylmethyl" flavin are shown 
in Figure 21. The major difference in the spectra is that 
the 268 m/4 peak of lumiflavin has been shifted down to 
263 m//. The similarity of these spectra, coupled with the 
chromatographic behavior of the base treated 6,7 dimethy1-9-
formylmethylisoalloxazine, has led to the conclusion that the 
compound produced on treatment with sodium hydroxide is lumi-
flavin. A possible mechanism for this unusual conversion is 
shown in Figure 22. 
Anaerobic photolysis 
Furthermore, as shown in Figure 23, both compound X and 
authentic 6,7 dimethyl-9-formylmethylisoalloxazine undergo a 
similar anaerobic photodecomposltion which is more rapid than 
that of riboflavin. The reoxidation product, if the photo­
lysis is carried out in acid or neutral aqueous solution, is 
exclusively lumichrome, while at a pH of 8.5 both lumiflavin 
and lumichrome are formed. The lumiflavin probably arises 
Figure 21. Spectrum of lumlflavln In chloroform 
A. Authentic lumlflavln 
I 
B. Base treated 6,7 dlmethyl-9-formylmethyl-
isoalloxazine 
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Figure 22. Possible mechanism for the conversion of 
6,7 dimethy1-9-formylmethylisoalloxazlne to 
lumlflavln in basic solution 
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Figure 23. Thin layer chromatography of the anaerobic 
photolysis of 6,7 dime thy1-9-fo rmylme ttiy1-
isoalloxazine and compound X 
LC - Lumichrome 
FMn - After photolysis of "formylmethyl11 flavin 
in acid or neutral aqueous solution 
FM - Authentic 6,7 dimethy1-9-formylmethy1-
isoalloxazine 
FMg - After photolysis of "formylmethyl" 
flavin in basic solution IpH 8.5) 
LF - Lumlflavln 
Xg - After photolysis of compound X in 
basic solution (pH 8.5) 
X - Compound X 
XI - After photolysis of compound X In acid 
or neutral aqueous solution 
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via the dark reaction previously discussed. A complete study 
of the anaerobic photolysis of "formylmethyl" flavin from a 
pH of 2.5 to 10.2, verifying these results, has been done in 
our laboratory (82)• 
pKa determination 
Protonation of the lsoalloxazine ring of flavins results 
in a distinct spectral change by means of which the pKa of 
the conjugate acid may be determined. The pKa value for 
authentic 6,7 dimethyl-9-formylmethylisoalloxazine is 3.5 
(83), which is three pK units higher than those of other 
flavins (Table 5). The pKa for compound X was determined 
spectrophotometrlcally as 3.46 + 0.08, providing further proof 
of its identity as 6,7 dimethy1-9-formylmethylisoalloxazine. 
Suelter and Metzler (83) accounted for the unusual pKa by 
postulating the structure 0 in Figure 24. 
Table 5. pK values for various riboflavin derivatives (83) 
P%1 pKg 
Riboflavin 0.12 9.95 
Riboflavin-5'-phosphate 0.05 10.32 
I so riboflavin 
- 1 10.0 
3-Methyllumiflavin 0.18 
6,7 Dlmethy1-9-formylmethy1-
1soalloxazine 3.50 
unstable 
at high pH 
Figure 24. 6,7 Dlmethyl-9-formylmethylisoalloxazine (83) 
A. Neutral form 
B. Suggested structure for the reduced compound 
C. Suggested structure for the cation 
B 
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Attempts to Increase the amount of 
compound Y obtained during photolysis 
Compound Y, a compound which seems to be even more light 
sensitive than compound X, is obtained in approximately 1 
molar percent from a column preparation. This is not enough 
to perform any experiments which would lead to the identity 
of the compound. It was therefore necessary to attempt to 
increase the yield of compound Y by some other means. 
It has been shown that the greatest photodecomposition 
of riboflavin occurs between 365 n\jju and 590 nyz- with little 
if any decomposition above 610 m//.(84). In an attempt to 
trap compound Y in the reduced state, a state which by analogy 
with other flavins should be more stable to light (85) and 
which should not absorb much light above 400 m(Figure 11), 
all the light 400 m/% and below was filtered out by means of 
a yellow filter. On reoxidation in air the reduced compound 
Y should yield compound Y in larger concentrations than in the 
unfiltered photolysis. However, on reoxidation the same 
product distribution was observed on the thin layer chromato-
grams. There was little or no accumulation of compound Y. 
A possible explanation, which will be discussed in greater 
detail later, for the lack of accumulation of compound Y Is 
that the reduced compound Y once formed may by an oxidation-
reduction process transfer hydrogen to riboflavin. This 
process would then free unreduced compound Y, which could 
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undergo further photochemical degradation. 
Possibly compound Y could be trapped if a derivative 
could be made immediately after compound Y was produced. 
Therefore, the photolysis of riboflavin was carried out in a 
1 molar hydroxylamine solution in hopes of trapping the elusive 
compound Y as the oxime. This also resulted in a failure, 
since the hydroxylamine caused the silica gel to streak brown 
as the solvent front advanced up the chromatography plate, 
thus making it Impossible to distinguish if the oxime of com­
pound Y had been made. 
When riboflavin solutions are heated anaerobic ally in a 
steam cone the yellow color fades, but on admission of air 
the color is partially restored ( Table 6). The amount of 
color restored on oxidation depended to a large extent on how 
rigorously steps were taken to keep the solutions completely 
Table 6. Anaerobic heating of riboflavin solutions 
Sample 
Time 1 2 3 4 
0 hour 1.200 0.960 1.215 1.235 
4.75 — — 0.750 0.820 
5.5 0.750 0.177 
9.0 — — 0-600 0.580 
iterated 0.880 0.436 0.720 0.620 
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anaerobic throughout the entire heat treatment because aerobic 
bleaching resulted in very rapid loss of color with no return 
of color on cooling. The maximum amount of color restored on 
admission of air was 3-3 percent of that lost. A possible 
explanation for the partial color return is that a reduction 
similar to the photoreduction has occurred in which an altered 
reduced flavin Is being formed on heating. It was hoped that 
this heat degradation was similar to the photochemical degrada­
tion, thus providing a possible means of obtaining compound Y 
in the necessary amounts to carry out its identification. 
However, the heat degradation, which leads to numerous yellow-
green fluorescent products, Is probably more complexed than 
the photochemical degradation. Reproducibility of degradation 
products from different heat treatments could not be achieved, 
as chromatography never yielded exactly the same product dis­
tribution. No reason can be presented for the lack of repro­
ducibility. Chromatography indicated that compound Y may be 
present in small concentrations in heat degraded riboflavin. 
Because of the lack of reproducibility of results and the fact 
that the heat degradation of riboflavin would not yield suffi­
cient (if any) amount of compound Y, this work was discon­
tinued. 
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Tentative Mechanism for the Anaerobic 
Photolysis of Riboflavin 
A tentative mechanism for the complex anaerobic photo­
chemical degradation of riboflavin is shown by scheme A in 
Figure 25. After first undergoing a photoreductlon analogous 
to the one postulated by the earlier workers, the reduced 
flavin with a modified side chain (Rb'Hg), possibly reduced 
compound Y, may react with a non-reduced riboflavin (Rb) by 
an exchange reaction, thus freeing the altered flavin for fur­
ther photochemical reaction. Also compatible with this 
mechanism is the observation of Holmstrom (66) that a semi-
quinone is formed first which then disportionates. This would 
also lead to the unreduced altered flavin and the fully re­
duced flavin. It is postulated that the altered flavin is 
then cleaved by a non-reductive photochemical reaction to a 
flavin (Rb"), probably compound X, in which the side chain has 
been degraded somewhat. As presented previously, compound X 
can be converted in base to lumlflavln (Lf) and by the action 
of light can be converted to lumichrome (Lc). This mechanism 
is consistent with the results of Kocent (53), whose work 
indicated that glyceraldehyde and glycolaldehyde are the only 
side chain degradation products produced during the anaerobic 
photolysis of riboflavin. According to the reaction scheme 
presented in Figure 25, glyceraldehyde and glycolaldehyde 
could possibly be produced during the photochemical steps 2 
Figure 25. Tentative mechanism for the anaerobic photodeeradatlon 
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and 3, respectively. 
The presence of amounts of less than 50 percent of genuine 
dihydrorlboflavin (RbHg) in the photobleached riboflavin solu­
tion is evident from the microbiological assays. This can be 
understood if it is assumed that any reduced flavin with a 
modified side chain could react rapidly by an exchange reac­
tion with riboflavin (schemes B and C in Figure 25). Dihydro­
rlbof lavin so produced is "trapped" and is no longer as sensi­
tive to light. Depending upon the equilibrium constant for 
the exchange reactions, a greater or lesser amount of the 
various dihydroflavins could be trapped in the reduced state• 
In absence of light below 400 mjbc, If the exchange reactions 
do not take place to a significant extent, an accumulation of 
the first photobleached product would be expected; however, 
this is not the case. Therefore, the exchange reactions 
probably play an important role in the photolysis of ribo­
flavin. 
Which of the two flavins isolated is deuteroflavln? 
Compound X, 6,7 dlmethy1-9-formylmethylisoalloxazine, meets 
the requirements of deuteroflavln as dictated by Kuhn (.10). 
That is, it is converted in base to lumlflavln. However, It 
is the opinion of this worker that Kuhn1 s deuteroflavln was 
not a single compound but a mixture of several flavins with 
modified side chain, two of which were compounds X and Y. 
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SUMMARY 
In order to clarify the nature of the anaerobic photo­
lysis of riboflavin, microbiological assays and thin layer 
chromatography were employed to study both reoxldized, 
anaeroblcally photoreduced riboflavin and reoxldized leuco-
flavin (dihydrorlboflavin), which had been prepared by cata­
lytic hydrogénation. The results of these experiments support 
the considerable body of evidence, recently reviewed by Oster 
et al. (30), that the anaerobic fading results from the photo-
oxidation of the ribityl side chain and not from the cleavage 
of an 0-H bond of water, which is complexed with riboflavin. 
Thin layer chromatography of the reoxldized, photobleached 
riboflavin in a butanol:ethanol:water solvent system yielded 
four spots. Two of these spots corresponded to lumichrome and 
to a mixture of lumlflavln and riboflavin. Since lumlflavln 
and lumichrome had been previously shown to be photolysis 
products of riboflavin, attention was centered on the remain­
ing two unknown spots. 
The unknown component, which was present in larger concen­
tration, was isolated on a preparative scale and identified 
as 6,7 dimethy1-9-formylmethylisoalloxazine. Identification 
was accomplished by comparing the chromatographic behavior, 
chemical reactions, anaerobic photolysis in acidic and basic 
solutions and pKa of the conjugate acid of the unknown com­
pound to a 6,7 dimethyl-9-formylmethylisoalloxazine standard. 
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The minor unknown component was not present in large 
enough concentrations to Identify. Attempts to increase the 
yield of this unknown compound were not successful: (l) All 
light (below 400 mjui) was filtered out during photolysis in 
hopes of trapping the unknown component in the reduced state, 
which on reoxidation should yield it in higher concentrations 
than in unfiltered photolysis. However, the distribution of 
products on thin layer chromatography indicated that little 
or no difference in the filtered and unfiltered photolysis. 
(2) Riboflavin solutions under anaerobic conditions when 
heated photobleach but then on the admission of air the color 
is partially restored. This process yields numerous yellow-
green fluorescent spots on chromatography, which indicate that 
the heat degradation of riboflavin may be even more compli­
cated than the photochemical degradation. This process also 
did not yield the unknown compoundsin sufficient quantities 
to identify it. 
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